The natural resistance of Escherichia coli to pyrazinoic acid (POA), the active derivative of pyrazinamide, was investigated. The TolC mutant was found to be more susceptible to POA and other weak acids than the wild-type strain. Mutation in EmrB but not AcrB efflux protein slightly increased POA susceptibility. Two transposon mutants with increased susceptibility to POA were found to harbor mutations in acnA encoding aconitase-1 and ygiY encoding a putative two-component sensor protein. Complementation of the AcnA and YgiY mutants conferred resistance to POA, whereas the complemented TolC mutant became resistant to POA and other weak acids. ß
Introduction
Pyrazinamide (PZA) is an important ¢rst-line drug for the treatment of tuberculosis. PZA, an analog of nicotinamide, is a prodrug that requires conversion to its active form, pyrazinoic acid (POA), by the nicotinamidase/pyrazinamidase (PZase) of Mycobacterium tuberculosis for cidal activity [1] . PZA is active against M. tuberculosis in acidic environment (pH 5.5) [2] , as in early in£ammation sites, but is inactive at neutral pH [3] . The role of acid pH is to enhance the uptake and accumulation of protonated POA in M. tuberculosis [4] . The protonated weak acid POA brings protons into the cell and could eventually cause cytoplasmic acidi¢cation or inhibition of membrane transport function by diminishing the membrane potential or proton gradient [5] . Mutations in pncA, the gene encoding PZase, are a major mechanism of PZA resistance in M. tuberculosis [1, 6] . However, a small number of low level PZA-resistant strains do not have pncA mutations, suggesting alternative mechanisms of PZA resistance [5, 6] .
M. tuberculosis is uniquely susceptible to PZA with a minimum inhibitory concentration (MIC) of 16^50 mg l 31 [2] . The unique PZA susceptibility of M. tuberculosis is related to a de¢cient POA e¥ux mechanism [4] and a poor ability to maintain the proton motive force [5] . In contrast, nontuberculous mycobacteria and other bacteria such as Escherichia coli are intrinsically resistant to PZA [5] . Unlike the susceptible M. tuberculosis, the natural PZA resistance in nontuberculous mycobacteria such as Mycobacterium smegmatis, is not due to de¢cient PZase activity [7] but to a highly active e¥ux pump [4] . In this study, the natural POA resistance of E. coli was investigated using de¢ned E. coli e¥ux mutants and transposon mutagenesis to provide insight into alternative mechanisms of PZA resistance in M. tuberculosis.
Materials and methods

Bacterial strains, phage and plasmids
Bacterial strains and plasmids used in this study are shown in Table 1 . The mini-Tn10 Kan r transposon phage VNK1316 (kindly provided by J. Bender) was used for the construction of the E. coli transposon mutant library [8] in E. coli K-12 strain MP180 (kindly supplied by P. Loewen).
E. coli K-12 XL1-blue was used for plasmid manipulation, which was performed as described [9] .
Transposon mutagenesis and isolation of POA-sensitive mutants
Transposon mutagenesis was performed with phage VNK1316 carrying the mini-Tn10 Kan r using the procedure as described previously [8] . The transposon mutant library was plated on Luria^Bertani (LB) plates containing kanamycin (50 mg l 31 ) and then incubated at 37 ‡C overnight. Colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; Sigma) redox dye [10] was used to screen and identify putative POA-sensitive E. coli mutants. Brie£y, wetted nitrocellulose ¢lters were placed face down for 2 min on plates containing about 4U10 4 mini-Tn10 Kan r E. coli mutant colonies. The ¢lters with colony side up were then incubated on LB plates (pH 5.0) containing POA (600 mg l 31 ) and kanamycin (50 Wg ml 31 ) at 37 ‡C for 2 days. The ¢lters were then developed in 2000 mg l 31 MTT solution. Dark purple blue colored cells were viable whereas white unstained colonies indicate dead and POA-sensitive mutants. The corresponding colonies on master plates were then picked for subculture and POA sensitivity testing and subsequent identi¢cation of miniTn10 insertions.
POA and weak acid susceptibility testing
The susceptibility of E. coli strains to POA, salicylic acid, benzoic acid, and nicotinic acid was determined on LB agar plates (pH 5.0). POA (Aldrich Co.) was dissolved in DMSO at 10000 mg l 31 as a stock solution. Sodium salts of salicylate and benzoate (Sigma Chemical Co.) were dissolved in distilled water and ¢lter-sterilized through a 0.22-Wm ¢lter. Three dilutions (10 32 , 10 34 , and 10 36 ) of overnight liquid culture diluted in LB broth were plated onto LB plates, which were then incubated at 37 ‡C overnight. Susceptibility to POA and other weak acids was expressed by MIC (de¢ned as inhibition of 99% bacterial growth) or by percentage of inhibition over controls based on colony counts.
Southern hybridization analysis
Southern blot analysis of E. coli mutant genomic DNA was performed as described [9] . Genomic DNA was digested with PstI, and the resultant fragments were separated by agarose gel electrophoresis and transferred to nylon membrane. A probe for mini-Tn10 Kan r was prepared by PCR using appropriate primers and VNK1316 DNA as a template. The resulting 750-bp PCR fragment was labeled with [K- 32 P]dCTP and used for hybridization as described [9] . All the primer sequences used in this study for PCR and sequencing are available upon request.
Identi¢cation of genes £anking mini-Tn10 transposon insertions
Two methods, ligation-mediated PCR (LM-PCR) and subcloning, were used to identify genes that contain mini-Tn10 insertions. LM-PCR was carried out as described previously [11] . The ampli¢ed PCR products were sequenced as described below. In another approach, genomic DNA (0.3 Wg) of POA-sensitive mutants was digested with PstI and ligated to PstI digested and alkaline phosphatase treated pUC18. The ligation mixture was electroporated into E. coli XL1-blue, which was plated on LB plates containing 50 mg l 31 kanamycin to select for mini-Tn10 containing insert DNA. The resulting plasmid was named pUC18-ASPOA1 ( Table 1 ). The regions £anking the mini-Tn10 insertion were ampli¢ed from pUC18-ASPOA1 using appropriate primers and sequenced as described below.
PCR ampli¢cation and DNA sequence analysis
PCR was carried out as described [9] in a DNA thermal cycler (Omn-E; Hybaid, UK). The DNAs were ampli¢ed for 35 cycles (1 min denaturation at 94 ‡C, 1 min annealing at 55 ‡C, and 3 min extension at 72 ‡C), followed by a 7 min extension step at 72 ‡C at the end of the 35 cycles. DNA sequencing was performed in an ABI 377 Automatic DNA Sequencer using appropriate primers.
Complementation analysis
The E. coli acnA and ygiY genes or the M. tuberculosis homologs were ampli¢ed from E. coli MP180 and M. tuberculosis H37Ra by PCR using primers containing appropriate restriction sites. The PCR products were digested with appropriate restriction enzymes and cloned into pUC18 or pUC19. The pBR322-tolC plasmid (kindly provided by J. Fralick) was constructed by cloning a 2.3-kb HindIII^SalI fragment carrying the tolC into the tet gene on the plasmid pBR322. The plasmids pUC18-acnA or pUC18-TB/acnA, pUC19-ygiY or pUC18-TB/ygiY and pBR322-tolC were then electroporated individually into the mini-Tn10 mutant strains ASPOA1, ASPOA2, and KLE701, respectively, along with vector controls.
Results
Role of e¥ux in the natural resistance of E. coli to POA
To assess the role of e¥ux pumps in susceptibility to POA and other weak acids, we tested the susceptibility of the tolC mutant KLE701, the emrB mutant OLS103 [12] , and the acrAB mutant WZM120 [13] to POA, salicylic acid, benzoic acid, and nicotinic acid. The reason to test TolC mutant is that TolC is linked with various e¥ux pumps for removal of a variety of toxic compounds from E. coli [14] . The tolC mutant KLE701 showed a signi¢cant increase in the susceptibility to POA (MIC of 250 mg l 31 versus 700 mg l 31 for the parent strain KLE700) ( Table 2 ) on acidic LB plates (pH 5.0). The TolC mutant was also found to be more susceptible to other weak acids such as salicylic acid (MIC 125 mg l 31 versus 250 mg l 31 for the parent strain), benzoic acid (MIC 300 mg l 31 versus more than 500 mg l 31 for the parent strain), and nicotinic acid (MIC 450 mg l 31 versus 500 mg l 31 for the parent strain) ( Table 2 ). These ¢ndings indicate that TolC is involved in natural resistance to various weak acids including POA. On the other hand, mutation in e¥ux protein EmrB caused only a slight susceptibility to POA as shown by a less than 10% change in POA MIC (MIC 650 mg l 31 versus 700 mg l 31 for the parent strain). However, unlike the TolC mutant, no signi¢cant increase in the susceptibility to salicylic acid, benzoic acid, and nicotinic acid was detected for the EmrB mutant strain OLS103. Mutations in AcrAB did not alter susceptibility to POA or related weak acids ( Table 2 ), indicating that the AcrAB e¥ux pump is not involved in extruding these weak acids from E. coli.
Isolation of POA-sensitive mutants by transposon mutagenesis
In order to systematically identify the genes involved in natural resistance to POA, we isolated POA-sensitive mutants by transposon mutagenesis. A library of 4U10 4 kanamycin-resistant colonies was screened using the MTT assay as described in Section 2. The MTT assay is based on the principle that live cells convert the yellow tetrazolium salt into purple blue formazan, whereas dead cells remain unstained (white). Using this strategy, two white colonies, called ASPOA1 and ASPOA2 (Table 1) , which did not grow on LB agar (pH 5.0) containing POA (600 mg l 31 ) were isolated. Southern blotting analysis showed that ASPOA1 and ASPOA2 contained a single copy of mini-Tn10 as 6.5-kb and 15-kb PstI fragments in their genome, respectively. Using colony forming unit (CFU) analysis, both mutant strains ASPOA1 and ASPOA2 showed increased susceptibility to POA (Fig. 1A and B, respectively) on LB or minimal M9 agar medium at acid pH (5.0). Susceptibility to POA on either LB or M9 minimal medium was the same. No signi¢cant increase in susceptibility to other weak acids such as salicylic acid, benzoic acid, and nicotinic acid was detected for mutant strains ASPOA1 and ASPOA2 (data not shown).
Identi¢cation of genes involved in POA susceptibility
Using the LM-PCR technique [11] , we were able to determine the DNA sequences £anking the transposon in mutant strain ASPOA1. Sequence analysis showed that the transposon was inserted at 1486 bp downstream from the start codon of the acnA (2675 bp), which encodes aconitase-1 (accession No. AAC74358.1). The 6.5-kb PstI genomic fragment of the mutant strain ASPOA2 carrying the transposon was cloned into pUC18 and the 800-bp nucleotide sequences immediately adjacent to the transposon insertion sites were determined by DNA sequencing. The transposon was found to be located at 714 bp downstream from the start codon of the ygiY (1349 bp), which codes for a putative two-component sensor protein (accession No. AAC76062.1). A BLAST search revealed that M. tuberculosis has a homolog of AcnA (Rv1475c, accession No. CAA16003.1) with 54% amino acid identity to aconi- tase-A and an open reading frame (Rv0982, accession No. CAA17581.1) with 22% amino acid identity to the putative two-component sensor protein YgiY [15] .
Complementation of POA-sensitive mutants
To con¢rm that the identi¢ed genes are involved in POA resistance, pUC18-acnA, pUC19-ygiY, and pBR322-tolC were transformed into the POA-sensitive strains AS-POA1, ASPOA2, and the TolC mutant KLE701, respectively, and the complemented strains were designated AS-POA1.1, ASPOA2.1, and ASPOA3.1 (Table 1 ). Resistance to POA was fully restored in all the three mutant strains ASPOA1.1 (Fig. 1A) , ASPOA2.1 (Fig. 1B) , and AS-POA3.1 ( Table 2 ). In contrast, the mutant strains transformed with the empty vectors pUC18, pUC19, and pBR322, were still susceptible (Table 1) . It is worth noting that the TolC mutant KLE701 transformed with the functional tolC gene restored resistance not only to POA but also to other weak acids such as salicylic acid, benzoic acid and nicotinic acid ( Table 2 ). In contrast, transformation of AcnA or YgiY mutant with their respective functional gene did not confer any resistance to the other weak acids (data not shown). In addition, transformation of the E. coli AcnA or YgiY mutant with the corresponding M. tuberculosis homologs did not confer any resistance to POA or other weak acids (data not shown).
Discussion
E¥ux mechanism plays an important role in mediating resistance to PZA/POA in mycobacteria [4] . The natural PZA resistance in M. smegmatis is caused by an active POA e¥ux mechanism. In contrast, the unique susceptibility of M. tuberculosis to POA is due to a weak e¥ux mechanism [4] , which is unable to remove POA out of the cell e¡ectively. Weak acids such as POA (with a low pK a of 2.9), salicylic acid, benzoic acid, and nicotinic acid are lipophilic and can damage the cell membrane or inhibit membrane transport [16] . In this study, we found that a mutation in the outer membrane channel TolC results in a signi¢cant increase in the susceptibility to POA and related weak acids. The absence of TolC channel, a component of a variety of e¥ux pumps [14] , presumably reduces the e¡ective removal of POA and related weak acids from the cell, thus causing increased susceptibility. TolC is known to participate in the export of various chemically diverse molecules ranging from large protein toxins such as K-hemolysin, to small toxic compounds, such as antibiotics [17, 18] . To our knowledge, our study is the ¢rst to demonstrate that TolC is also involved in the e¥ux of weak acids with apparently aromatic ring structure, such as POA, salicylic acid, benzoic acid and nicotinic acid. In E. coli, unrelated inner-membrane translocases AcrB, EmrB and HlyB are associated with homologous innerperiplasmic membrane proteins AcrA, EmrA and HlyD, respectively, which in turn act as adaptors to dock these translocases to the TolC port [14] . However, a mutation in EmrB only slightly increased the susceptibility to POA, whereas the acrAB null mutant did not alter POA sensitivity. Thus POA and weak acids such as salicylic acid, benzoic acid, and nicotinic acid are most likely removed from the cell through the TolC channel without involvement of the AcrAB and with only limited involvement of the EmrB. The signi¢cantly higher susceptibility of the TolC mutant to POA and other weak acids (Table 2) than EmrB mutant suggests the presence of other unidenti¢ed TolC-dependent transporter system(s) involved in the e¥ux of POA and other weak acids in E. coli. Future studies are needed to identify the e¥ux mechanism(s) in E. coli.
In this study, we used the E. coli system as a model to investigate alternative mechanisms of PZA resistance in M. tuberculosis and identi¢ed two genes, ygiY and acnA. The particular two-component regulatory system consists of a sensor protein YgiY and a response regulator protein YgiX, but their function in E. coli is unknown. It remains to be determined how mutation in YgiY causes increased susceptibility to POA. Preliminary studies suggest that the YgiY mutant or the AcnA mutant did not accumulate more POA at either acid pH 5.0 or neutral pH 7.0 in the uptake experiment (data not shown), indicating that their increased susceptibility to POA is not due to higher accumulation of POA in the cell. The E. coli YigY shows a weak homology (22% amino acid sequence identity) to the putative two-component sensor protein Rv0982 in M. tuberculosis. The role of YgiY in POA susceptibility in M. tuberculosis is unclear but could be addressed by construction of strains overexpressing or lacking this protein. The acnA gene product is aconitase-A (AcnA), an enzyme of the tricarboxylic acid (TCA) cycle, which catalyzes the reversible isomerization of citrate to isocitrate via cis-aconitase as part of the Krebs cycle. There are two principal families of aconitases, AcnA and AncB [19] , which are sometimes present in the same organism and are di¡eren-tially regulated in bacteria such as E. coli, suggesting separate physiological functions [20] . Recent studies suggested that bacterial aconitases are bifunctional proteins, which show aconitase activity in the presence of iron and RNA binding activity upon iron deprivation and are involved in iron metabolism and oxidative stress response [21, 22] . In M. tuberculosis, the aconitase-A protein was found to be signi¢cantly induced by high concentrations of iron and was suggested to be a transcription regulator controlling the expression of many iron-regulated proteins [23] . In Streptomyces coelicolor, inactivation of aconitase-A affected growth, antibiotic biosynthesis and aerial hyphae formation, partly due to accumulation of organic acids in the medium [24] . It is conceivable that inactivation of AcnA in E. coli could similarly cause organic acid accumulation in the medium, which in turn lowers the external pH and increases the activity of POA. Work is underway to address the role of AcnA in PZA action and resistance in M. tuberculosis.
